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The Agroecology of Malaria: Maize, Mosquitoes, and Dynamic Landscape 
Change in Ethiopia 
 
By James C. McCann, Richard J. Pollack, Anthony E. Kiszewski, Rachel 




Malaria is an infectious disease like no other. It is a dynamic, shape-shifting force of nature 
that constitutes Africa’s most deadly and debilitating vector-borne disease. Roughly half of 
the world’s population is thought to be at risk of contracting the disease and hundreds of 
millions suffer bouts with the disease each year. Malaria kills between 660,000 and 1.24 
million people annually, the equivalent of at least 2,000 deaths every day (WHO 2012; 
Murray et al. 2012). As of 2010, 90% of all malaria related deaths were African children 
under the age of five (WHO 2011). 
Malaria remains an intractable problem in many areas of the world despite intense 
efforts on behalf of the bioscience community to find solutions. For example, despite recent 
decreases in worldwide cases of malaria, malaria epidemics in highland regions of Africa are 
intensifying and becoming more widespread (Lindsay and Martens 1998; President’s Malaria 
Initiative 2008). The application of DDT to the indoor walls of homes that was so successful 
in reducing transmission for decades is no longer tenable because of the widespread 
resistance by mosquitoes to that insecticide. Efforts to develop vaccines, use of prophylactic 
drugs, distribution of insecticide-treated bed nets, and the pursuit of molecular-level genetic 
manipulations to mosquitoes have so far failed to deliver on the promise of eradicating or 
eliminating the perpetuation of malaria. This is largely because the development and 
application of these silver bullet tactics do not address malaria’s remarkable adaptability to 
changing conditions in the local environment brought on by human activity. The prevalence 
and extent of transmission of malaria are dependent on, amongst other factors, local 
environmental conditions (such as temperature, rainfall and habitat) conducive to the survival 
of the mosquitoes that vector (transmit) the infection. Malaria parasites and their mosquito 
hosts continue to co-evolve or adapt to exploit anthropogenic changes to their respective 
local physical environments. They are dynamic and opportunistic, and have adapted to thrive 
in new local ecologic conditions created by human settlement, economic change, political 
instability (Koch and McCann 2010) and to the pesticides directed against the vectors and 
drugs administered against the parasites. Ecological changes associated with agriculture 
                                                
*Andrew Spielman (1930–2006), Professor of Tropical Public Health at the Harvard School of Public 
Health, proposed the initial association between intensified maize cultivation and enhanced malaria 
transmission, postulated the maize pollen/mosquito nutritional linkage, and was instrumental in attracting 
funding and planning many of the studies described in this report.  
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contribute to vector behavior and longevity (Ameneshawa and Service 1996). Malaria has 
many faces, all crafted by the interaction and permutation of the unique human-environment 
relationships that define an area. To effectively grapple with malaria is to accept a 
fundamental truth about the nature of the disease: all malaria is local. Seeking a 
comprehensive and deep ecological understanding instead of a one-dimensional panacea 
appropriate everywhere requires not only time to become acquainted with malaria’s history 
in a particular locality but also interdisciplinary approaches and a triangulation of methods to 
apply tools and insights in the fields of entomology, medicine, epidemiology, history, 
geospatial technology, microbiology, hydrology, and anthropology, amongst yet others.  
The work described herein does not take malaria’s complexity for granted. The stage 
is Ethiopia, specifically the southwestern highlands about 1750 meters above sea level, where 
malaria outbreaks are mostly what malariologists call “unstable”: a condition where 
transmission is spotty and outbreaks don’t occur each year. The altitude and the associated 
cool temperatures slow development of the parasite within the mosquito. Few mosquitoes 
survive sufficiently long to acquire, incubate, and then pass along the infectious agent to new 
human hosts. This limits people’s exposure and makes the “shivering fever” periodic yet 
especially deadly as inhabitants have little or no acquired immunity to the disease. As in 
many other places in sub-Saharan Africa, the local ecological landscape is in transition, 
affected by climate change, migration, and agricultural practices. These all conspire to 
precipitate predictable as well as unexpected changes in the composition and abundance of 
mosquito populations, with deadly consequences.  
Goals of the Paper  
This paper is a synthesis of results from an array of field and laboratory studies exploring 
diverse facets of agroecology and human-environment interactions and their effects on 
malaria transmission. The studies described herein were supported by a multi-year grant from 
the Rockefeller Foundation and conducted within the framework of a collaborative project of 
the Boston University African Studies Center and the Harvard School of Public Health 
entitled: “The Effect of Maize Cultivation on the Transmission of Malaria in Ethiopia.”1 We 
present and supplement our own results with findings from parallel and collaborative studies 
performed by scholars and specialists from Boston University, Bentley University, the World 
Health Organization, the Ethiopian Ministry of Health’s Malaria Unit, the Ethiopian Ministry 
of Agriculture, Addis Ababa University, Jimma University and Wollega University, as well 
from the Massachusetts Institute of Technology, and the University of Vermont. This 
synthesis paper draws heavily from the final project report document “Intensified maize 
cultivation and enhanced malaria transmission: Report on a five-year study in Ethiopia.” 
submitted to the Rockefeller Foundation and co-authored by principal investigators James C. 
McCann and Richard J. Pollack of Boston University.  
This collection of project results describes the manner and extent of how land use and 
change may influence the abundance and suitability of habitat that may support the 
development of the Anopheles arabiensis mosquito, the principal vector for malaria in much 
                                                
1 From this point forward referred to as the “Maize and Malaria Project.”  
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of the southwest highlands of Ethiopia, eastern Africa, and much of the Sahel. Related to the 
theme of habitat suitability for An. arabiensis, the hydrologic link between land use and 
mosquito abundance in the study area was explored by mechanistically modeling the 
formation and persistence of individual, developmental habitat pools (Stryker and Bomblies 
2013). The association between land use and mosquito abundance was also investigated with 
geospatial techniques using remotely-sensed satellite imagery at different spatial and 
temporal scales. The goals of this remote sensing effort were to assess the extent to which 
detected changes in land use and cover might facilitate predictions of land surface 
disturbances that create potential mosquito larval habitats (Koch and McCann 2010). This 
included a detailed consideration through high-resolution satellite imagery of the shallow, 
Man-made, topical depressions (borrow pits) dug to extract mud for house construction and 
that dot the study area providing ideal habitats, when filled with water, for An. arabiensis. 
This paper synthesized project results that examined the manner in which the expansion of 
maize cultivation may contribute to the burden of malaria either by nourishing An. arabiensis 
larvae directly with nutrient-rich pollen, or indirectly by supporting the growth of microbes 
that are, in turn, ingested by sub-adult anophelines. Our efforts considered the contributions 
to malaria transmission of the microbial, faunal, and floral compositions of borrow pits and 
other peri-domestic habitats near maize plantations where drainage is disturbed. The goal of 
these investigations was to elucidate the relationships and identify potential feedback loops 
between the abiotic and biotic features (including maize pollen) to identify indicators for 
suitable developmental habitat for malaria vectors  
Selection of Study Area 
All research initiatives were conducted in the farming community of Waktola, a kebele2 just outside 
the town of Asendabo in southwestern Ethiopia (See Fig. 1). Consistent with other highland regions 
(local elevation ranges from 1,740–1,800m), the temperature in Waktola has a limiting effect on the 
proliferation of parasite and mosquito populations, and the region remains virtually transmission free 
until the seasonal rains inundate habitats conducive to development by the vector mosquito. Malaria 
in this area is profoundly seasonal and results in periodic, unpredictable epidemic outbreaks. The long 
intervals between transmission periods result in a relatively low level of acquired immunity among 
residents who suffer especially high rates of morbidity and mortality when epidemics do occur (See 
Stryker and Bomblies 2013; Abeku et al. 2003; Lindsay and Martens 1998). The area is along a major 
route linking the southwest zone of Jimma to the country’s capital, Addis Ababa, and has experienced 
profound agricultural expansion, road development, and population increases in recent years (Koch 
and McCann 2010). Much of the most arable land, including areas that were previously classified as 
woodland, is used for crops or as pastureland (Koch and McCann 2010). Farmers cultivate teff, taro, 
red pepper, as well as other crops, but the area has become dominated largely by maize (McCann 
2005). Increased human settlement and farming in the area provides numerous new habitats for An. 
arabiensis along the ubiquitous cattle paths and within the borrow pits that are created adjacent to 
virtually all dwellings. Waktola was selected as a study site because major alterations in local land 
use may have shaped local mosquito population dynamics by: a) providing new mosquito habitat and 
b) enriching these habitats for larvae with maize pollen as maize cultivation expands.  
                                                
2 A kebele is the smallest administrative unit in Ethiopia—equivalent to “neighborhood” or “ward.” 







Figure 1.a General map (Stryker and Bomblies 2013), and 1.b 2003 Landsat TM/ETM+ image of study 
location in southwestern Ethiopia. The red circle outlines the ca. five square km study site in Waktola near the 
town of Asendabo (7.7° N, 37.2° E).  
 Waktola  
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Project Summaries  
Land Use Change and Habitat Provision 
Linking Land Use Change, Small-Scale Hydrological Processes, and An. arabiensis 
Vegetation and landscape characteristics are critical environmental components that 
contribute to dynamic spatial variability of malaria by altering the relationships between the 
vector (An. arabiensis), the protozoan parasites (Plasmodium falciparum and other plasmodia 
of Man) that cause malaria, and their human hosts. These characteristics affect the 
distribution, abundance, survival, and feeding patterns of local mosquitoes (See Stryker and 
Bomblies 2013; Kitron 1998; Reisen 2010; Lindblade et al. 2000). Landscape characteristics 
and vegetation also shape surface microclimates by affecting temperature and humidity—two 
factors that profoundly affect malaria transmission. The relationship between land 
use/vegetation change and the potential impact of changes in local hydrological processes as 
they pertain to malaria permission has been less explored. Under the auspices of this project, 
researchers Stryker and Bomblies aimed to redress this gap by examining the relationships 
between vegetation, runoff, and borrow pits that serve as mosquito habitat. 
Borrow pits (Fig. 2) can range in size from less than one meter to tens of meters in 
diameter. Water from rain and surface runoff collects in these pits to form turbid, shallow, 
 
Figure 2. Borrow pits as ephemeral breeding grounds for An. arabiensis. This pit is proximal to a field 
dedicated to maize. Photo Credit: Rachel Nalepa. 
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and initially vegetation-free pools. These temporary pools create ideal developmental 
habitats for An. arabiensis (See Stryker and Bomblies 2013; Bomblies et al. 2008; Gimnig et 
al. 2001; Minakawa et al. 1999; 2005). Mosquito abundance in Waktola is linked to the 
presence and distribution of these kinds of temporary pools. 
A primary determinant of runoff, or “overland flow,” pertains to the kind and density 
of vegetation (see Stryker and Bomblies 2013; Cerda 1999; Freebairn and Wockner, 1986). 
Vegetation mediates the distribution of water that has fallen as rainfall through the 
mechanisms of interception, root uptake, transpiration, and infiltration (Fig. 3). These 






Figure 3. Hydrological mechanisms contributing to pool formation and persistence. Source: Stryker and 
Bomblies 2013.  
 
Stryker and Bomblies hypothesized that increasing vegetation that utilizes more water 
(such as in a rainforest) will decrease the extent and duration of water pooling, thereby also 
decreasing abundance of mosquitoes that would rely upon such habitats. Furthermore, 
because agricultural crops have relatively shallower root systems than natural ecosystems, 
and the cultivated soil has different evaporation rates and runoff characteristics, the authors 
expected an increase in overland flow and mosquito abundance (Stryker and Bomblies 2013). 
Their hypothesis was tested with a field-validated hydrology-entomology model to isolate 
processes affecting runoff generation and to evaluate the response in mosquito abundance to 
variability in pool persistence caused by various land use change scenarios (Stryker and 
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Bomblies 2013). Consistent with the hypothesis, vegetation scenarios in which land use was 
modified from agriculture to forest generally resulted in lowest mosquito abundance 
predictions. By re-classifying the entire study area as rainforest, the mode predicted a 34% 
decrease (Fig. 4) in mosquito abundance compared to 2010 baseline results (Stryker and 




Figure 4. Cumulative mosquito abundance at end of season (October 31) for all scenario runs.3 Source: Stryker 
and Bomblies 2013.  
 
The proximity of predicted changes in vegetation to mosquito habitat was deemed 
critical to predicting mosquito abundance. For example, modifications made to vegetation 
parameters near developmental habitats had more effect than altering land farther from these 
locations (Stryker and Bomblies 2013). Runoff nearer to the topographical low point will 
have traveled less distance and would have fewer opportunities to infiltrate ground surface 
before it reached the mosquito habitats.  
 
                                                
3 Whiskers indicate 95th percentile confidence intervals based on 10 replicate runs. 
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Spatial Detection and Characterization of Transmission Risk: Integrating Land Use Mapping 
with Field Observations 
Tools such as geographical information systems (GIS) and remotely sensed data have been 
used for decades to map variables associated with malaria transmission, vector 
developmental habitats, and temporal and spatial patterns of disease. Because malaria 
transmission is enhanced by certain kinds of ecological disturbance, assessments of land 
cover change may serve as a particularly useful indicator in predicting the ecological 
dimensions of its malaria transmission risk across the landscape. Remotely-sensed, moderate-
resolution Landsat (TM/ETM+) data are commonly used to create thematic maps and 
monitor land use change, as the information they provide is detailed enough to decipher 
human-scale processes such as crop irrigation, deforestation, and urban growth, while still 
providing frequent and global coverage. With these data, we are able to not only monitor 
changes in land cover across years or seasons, but also derive a body of information about 
the physical environment that may indicate vector-favorable conditions such as surface 
temperature and elevation, among others.  
Higher resolution images, such as those derived from data produced by Digital Globe, 
Quickbird, or WorldView2, provide far more detailed depictions of specifically targeted 
landscapes. They are appropriate for deciphering features such as houses, streams, individual 
fields, and roads. Comparing surface features as depicted on lower resolution images with 
those on high-resolution images is a common validation procedure in image classifications 
(Koch and McCann 2010). Additionally, monitoring individual or clusters of potential 
mosquito developmental habitats through high-resolution imagery is useful in identifying at-
risk communities considering that transmission in Africa typically occurs within a kilometer 
of those sites. Such higher resolution imagery can also facilitate the remote identification of 
particular kinds of crops, such as maize. Focusing on possible An. arabiensis habitat within 
or near maize fields may contribute significantly in identifying at-risk communities 
considering that maize farmers may suffer from malaria at a rate 9.5 times greater than do 
farmers of other crops (Asnakew et al. 2005).4 Proximity analysis permits small-scale 
features to be extracted (digitized) from high-resolution satellite images to qualitatively and 
quantitatively characterize spatial relationships among villages/houses, specific crop types 
and water bodies.  
Exploring target areas with data of differing resolutions in tandem with “ground-
truth” data derived from direct observation in field sites fosters the iterative exploration of 
the associations among people, mosquitoes, and landscape. Landsat data that covers a greater 
surface area can be used to identify areas that may be high risk and warrant ground-level 
investigation, such as in regions that have been converted from woodland to agricultural 
land. This land use transition may be predictive for new mosquito habitat formation, 
particularly where human dwellings are more densely arrayed. These features would serve to 
facilitate enhanced malaria transmission (Carter et al. 2000). Higher resolution imagery 
offers the ability to monitor changes in small-scale surface disturbances over time (i.e., 
                                                
4 Study results are from Burie—a district located in the Amhara region in an area of similar altitude and 
soil characteristics to Waktola and its surroundings. 
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drainage ditches, borrow pits, and cattle paths previously identified in the field). Each set of 
“lenses” (moderate-resolution for the broad view, high-resolution imaging for detailed 
analysis, and “boots on the ground” observations) are complementary means to detect and 
assess landscape changes that may inform predictions of malaria risk and decisions on where 
to focus surveillance and intervention efforts.  
Satellite imagery proved useful as a component of the Maize and Malaria Project by 
providing different spatial and temporal scales to identify geospatial evidence of human-
induced landscape changes that indicated increased likelihood of An. anopheles habitat in 
Waktola and the surrounding Gilgel Gilbe watershed (Koch and McCann 2010). Moderate 
resolution Landsat satellite images (TM/ETM+) captured two decades apart (1984–2003) 
were used to create a time series of land cover types in the greater region of the watershed 
(Fig. 5a). Main land use/cover classes included water bodies (reservoirs and streams), forest 
(closed deciduous woodland), and open deciduous shrub/grassland (including winter crops). 
Soils were also distinguished based on color and moisture content, and included farmland/red 
soils, sloping land/dry soils, and flood plains/wet soils. A statistical change detection analysis 
compared, pixel-by-pixel, the land cover/use maps to detect land cover class changes that 
occurred during a span of two decades.5  
The results of the land cover mapping study revealed a clear reduction in vegetated 
areas in the watershed. A total of 64.82% of pixels classified as forest in 1984 were 
converted into different land cover/use classes by 2003. Of forest pixels that changed class, 
32.27% had become shrub/grassland and 24.18% farmland/red soil (Koch and McCann 
2010). In the Waktola region, much of the lowlands flanking streams were waterlogged soils 
typical of wetland ecosystems in 1984. By 2003, much of this area was converted to drier 
farmland or lowland soil (Fig. 5b–c). The “water/shadow” class increases significantly 
(332.62%) associated with the construction of the Gilgel Gibe dam reservoir north of 
Waktola in 2002. Possible consequences of the observed reduction in vegetation and change 
in soil status (moisture content, reworked soils, etc.) are the creation of new habitats that 
would add to malaria risk as farmers cultivate lands that are closer to or within wetland areas 
and thus prone to periodic flooding (Koch and McCann 2010).  
High-resolution QuickBird images (2006–2009) were used to validate soil types and 
analyze on a finer scale the landscape impact of human activities in Waktola. These images 
revealed effects of human activities on the local landscape that could potentially serve as 
mosquito developmental habitat (Fig. 6a–d). These activities include the excavation of 
borrow pits near agricultural fields and household residential compounds as well as the 
disruption of soil surfaces from road construction in the area. 
 
                                                
5 Each pixel represents approximately an area of 30m x 30m on the ground. 
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Figure 5a-c. 5a, The Gilgel Gibe watershed (outlined in purple/dark shading), the new reservoir (marked in 
yellow/light shading), and the Waktola study site (rectangular magenta box). Land cover/use classification maps 
of the Waktola area (magenta box enlarged) show that the changes occurring between 1984 (5b) and 2003 (5c) 
mainly involve the distribution of soils and water (Koch and McCann 2010).  
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 Lowland/dry gray soil 
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Figure 6a-d. Changes in soil surface disruption (6a & b) and borrow pits (6c & d) over the course of 3 years. 
Source: Koch and McCann 2010.  
 
Land Use Change and Habitat Suitability  
Field Experiments Linking Maize Pollen to Changes in Vectorial Capacity of An. arabiensis  
In areas of unstable malaria transmission such as in the Ethiopian highlands, increases in the 
local intensity of malaria transmission seem to be at least partially tied to maize cultivation 
(Koch and McCann 2010). Once only a minor crop of Ethiopia’s diverse highland 
agricultural system, national and multilateral policy efforts emphasizing high-yield maize 
varieties have brought about a dramatic expansion of maize production in the area during the 
past several decades. In 1995, the Ethiopian Ministry of Agriculture and the Sasakawa 
Global 2000 Program launched BH660, a new long-season, high-yield variety of maize. 
Farmer response to the touted yield of this hybrid maize and the government’s promotion of 
12     James C. McCann, et al. 
 
its expanded use led to transformations of the ecological landscape of many highland areas 
(including Waktola). BH660 matures later than traditional varieties and, subsequently, pollen 
shed occurring near mosquito habitat coincides more closely with the seasonal abundance of 
anopheline larvae (Koch and McCann 2010). A noticeable increase in malaria transmission 
was recorded in the highland areas of Burie and Waktola, in 1995, the year the program 
promoting BH660 was launched. In 1998, Ethiopia as a country experienced its most deadly 
malaria epidemic in forty years, with Burie and Waktola being particularly affected (see 
Koch and McCann 2010; Asnakew et al. 2005; Negash et al. 2005).  
The late-falling BH660 pollen was suspected to be contributing to these outbreaks by 
providing a nutrient-rich food source for the newly hatched larvae. Indeed, the midguts of 
larvae sampled from puddles near flowering maize were frequently filled with maize pollen. 
Larvae nourished by maize pollen developed more quickly and became more robust adults 
(Yemane et al. 2000). Enhanced larval nutrition increases the size of the resulting adult 
mosquitoes, potentially endowing these larger, more robust individuals with increased 
fecundity and daily survival rates (Ameneshewa and Service 1996). Longevity is particularly 
important when considering that at the relatively cool temperatures of the highlands 
(averaging about 18C), the malaria parasite requires about 30 days of incubation within the 
mosquito before the mosquito vector can transmit the infection—an interval few mosquitoes 
survive. Laboratory experiments revealed that maize pollen-fed An. arabiensis mosquito 
larvae not only had increased survival rates but that they also grew larger and tolerated 
habitat crowding more than those fed other nutrients, including other types of pollen 
(Yemane et al. 2003). By extending their survival, maize pollen may thereby enhance the 
transmission of malaria parasites. The combination of the aforementioned observations 
linking vectorial capacity and the intensity of maize cultivation warranted further 
investigation given that they have important implications for public health, agricultural 
extension, food security, and health equity for rural farmsteads in Africa and elsewhere.6 
Under the auspices of the Maize and Malaria project, an array of field and laboratory 
studies were launched to measure the influence of maize pollen on factors that would affect 
the intensity of malaria transmission. In particular, we sought to measure the extent to which 
reducing maize pollen deposition on borrow pits and other water-filled depressions near 
fields of maize and homes might reduce components contributing to the intensity of malaria 
transmission. Accordingly, stands of BH660 maize plants within 50m of a defined major An. 
arabiensis developmental habitat were detasseled and hand-pollinated in one set of 
contiguous farms during several transmission seasons. For comparison, an ecologically 
equivalent set of fields was allowed to mature and shed pollen naturally. Additional fields 
                                                
6 Vectorial capacity is a concept analogous to the contact rate in directly transmitted diseases. It is a 
function of (a) the mosquitoes’ physiological suitability to acquire, maintain and transmit the malaria parasites; 
(b) the vector’s abundance locally; (c) the frequency with which it takes blood meals from a human being; (d) 
the duration of the parasite’s incubation period in the vector; and (e) the vector’s life expectancy (Telford et al. 
1991). 
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were planted with crops such as peppers or beans that did not shed wind-borne pollen.7 The 
study blocks were alternated each year to create replicated paired observations to refine the 
hypothesized relationship between maize production on small farms and malaria risk. Each 
farm was composed of cultivated plots, one or more developmental mosquito habitats, and 
the structures inhabited and used by the farmer’s family and their livestock. The farms were 
all within the same community, but were segregated into different treatment blocks. It was 
hypothesized that the intervention would measurably reduce: 1) abundance of An. arabiensis 
larvae within nearby habitats; 2) the size and longevity of adult mosquitoes derived from 
such sites; and 3) the abundance of adult anophelines within homes nearby. The reduction of 
these parameters, individually or in concert, would further confirm a link between maize 
cultivation and vectorial capacity, and by extension, enhanced malaria risk. 
Larval abundance was monitored in selected habitats twice each week at intervention 
and comparison sites.8 It was hypothesized that reduced maize pollen (and hence, nutritional 
resources for larvae) at intervention sites would result in an accumulation of undernourished 
larvae, thereby reducing adult abundance, size, and longevity. Traps were placed in homes to 
gauge adult abundance with the expectation that the interventions (detasseling maize as well 
as alternative crops) would measurably reduce the abundance of adult An. arabiensis within 
houses on those sites. To assess size as one measure of robustness and longevity, wing 
lengths of adult female An. arabiensis sampled from homes on intervention and comparison 
sites were measured and compared. The expectation was that mosquitoes from intervention 
sites would be smaller, thus likely reducing their vectorial capacity to transmit malaria 
parasites. 
An. arabiensis larvae were about as abundant on detasseled sites as on comparison 
sites, an observation inconsistent with the predicted outcome. Adult vectors were remarkably 
abundant throughout the community, with more than 300 An. arabiensis sampled in a single 
night in some homes. An apparent trend in the first years of effort appeared to support the 
hypothesis of reduced adult abundance on detasseled sites, but this trend was not sustained 
during subsequent years. Similarly, mosquito wing length did not vary markedly between 
tasseled and detasseled sites. The unexpected results on each parameter of vectorial capacity 
prompted further investigations to explore the previous observations between maize pollen 
and larval nutrition.  
Assessing the Role of Maize Pollen in the Nutrition of A. arabiensis Larvae  
Larvae developing in maize pollen-rich habitats were better nourished than their counterparts 
in pollen-diminished habitats. This was examined by comparing the relative resistance to 
starvation of 542 larvae collected from maize pollen-nourished and pollen-poor habitats. 
Larvae from tasseled sites survived starvation longer (5.01 days ±1.64) compared with those 
from detasseled sites (4.88 days ±1.66) and sites where alternative crops were cultivated 
(4.43 days ±1.37). Although larvae from tasseled sites survived longest, the differences with 
                                                
7 All crop conversions occurred at the discretion of the farmer. The project team compensated any 
resulting revenue loss. 
8 Density was measured per sample (dip and/or net sweep). 
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those from detasseled sites were not statistically significant. It may be that the extent (area) 
of detasseling was insufficient to produce a marked effect on the survival of larvae as had 
been predicted by laboratory results and by aggregated district data. Nonetheless, larvae from 
tasseled sites survived the longest (5.01 days ±1.64), as compared to detasseled sites (4.88 
days ±1.66) and barrier sites (4.43 days ±1.37). Paired T-tests revealed significant differences 
between those derived from barrier and tasseled sites (T= -3.98, P<0.001), and barrier and 
detasseled sites (T = -2.48, P=0.014), but not between tasseled and detasseled sites (T = 0.71, 
P = 0.473). These observations cause us to conclude that larvae developing in maize pollen 
rich sites are better able to survive and develop than their counterparts developing in sites 
lacking this resource.  
Maize utilizes a photosynthetic mechanism (C4) that differs from most other pollen-
producing plants in the region, and the carbon signature from the plants (and the pollen) can 
be distinguished by isotopic analysis. Animals feeding on maize or maize pollen incorporate 
the carbon signature of their food within their own tissues. Laboratory experiments 
confirmed that the carbon signature from maize could be detected in adult mosquitoes that 
had been nourished with maize pollen during their larval development.  This tool was then 
applied to field-collected larval and adult mosquitoes to assess the extent to which they fed 
upon maize pollen. Larvae were sampled from each habitat before, during, and many weeks 
after the peak pollen shedding interval, and analyzed for their 13C isotopic profiles. Maize-
associated components were detected within larval mosquitoes sampled during and shortly 
after the peak maize pollen-shedding period, particularly in sites near pollen fields. 
Furthermore, the C4 signature was far more prevalent within adult mosquitoes sampled from 
homes near fields of maize than homes distant. These findings further supported maize-
mosquito-malaria linkages by confirming that maize pollen provides nutriment to mosquito 
larvae, and that adult mosquitoes tend to seek blood meals near where they developed as 
larvae.  
In addition to directly nourishing mosquito larvae, components of maize pollen might 
also serve to support microbial growth in the puddles where mosquito larvae exist. In this 
way, maize pollen falling on or being washed into larval developmental habitats may also 
nourish mosquitoes indirectly. Anopheline larvae consume diverse organic and inorganic 
materials trapped in the surface film or within the water column of developmental habitats. 
Such materials include dust, bacteria, unicellular and filamentous algae, fungi, small 
metazoans (rotifers and crustaceans), spores, pollen, insect scales, and other debris. Bacteria 
are often abundant and nutritious microbial constituents of particles ingested by mosquito 
larvae, and the kinds and abundance of these microbes are dependent, in part, upon the 
nutritional resources available (Eyob 2011). 
BH660 pollen is comprised of 19% protein, 68% carbohydrate, 2% fat, 2% ash, and 
9% moisture content, with much of this nutritious material being water-soluble. A time series 
analysis confirmed that nearly all of the water-soluble contents of BH660 pollen diffuses out 
of the grain within about two hours of contact with water, and is completely metabolized by 
microbes in about three days. Maize pollen was found to be a complete nutrient source (not 
requiring any supplemental material) for several kinds of bacteria and fungi, and it matched 
or surpassed the microbial growth supported by standard nutrient agar media (Bezawit 2007). 
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These observations support the conclusion that nutrients from deposited pollen in aqueous 
habitat are readily available to nourish larvae directly as well as indirectly through supporting 
microbes that are also ingested by mosquito larvae.  
Water samples from diverse larval habitats were then analyzed to elucidate the 
predominant kinds of microbes present. Predominant bacteria included those of the genus 
Bacillus, Pseudomonas, Micrococcus, and Serratia. Dominant molds included Aspergillus, 
Stemphylium, Microascus, Verticillium, Gelasinospora, Fusarium, and Botrytis. Densities of 
microbial populations were greater in habitats proximal to tasseled maize fields, most likely 
resulting from the nutritional enrichment by maize pollen (Eyob 2011).  
Results from each of these diverse studies support the conclusion that maize pollen 
nourishes larval anopheline mosquitoes. Interannual and seasonal habitat changes mediate 
the extent to which the sites are conducive to vector population development. Borrow pits in 
diverse stages of ecological succession in Waktola were surveyed to assess the dynamics of 
change on the structure of invertebrate communities, with particular attention to Anopheles 
arabiensis and An. coustani, the primary local malaria vectors. Each pit was evaluated on its 
physical features and by faunal and floral surveys during August 2011, at the height of the 
longer rainy season (kiremt). Newly excavated borrow pits had steep sides and were devoid 
of emergent vegetation. As these sites matured, their sides tended to collapse, and the 
puddles became increasingly vegetated and eutrophic. Nascent puddles were frequented by 
An. arabiensis, but were less likely to contain larvae of this species as the habitats aged.  
Stages of ecological succession among plants and animals (particularly the prominent 
predators) were predictive for the habitat’s suitability for larval anophelines. An. arabiensis 
and An. coustani were the sole immature anophelines collected in such sites, and they often 
coexisted with Culex spp. Sedges (several species of Cyperus) were the most common plants 
within these pits. Other prominent plants included legumes, grasses, clover, and herbs. The 
presence of An. arabiensis larvae in borrow pits was negatively correlated with the presence 
of backswimmers (notonectidae). Ecological succession was apparent in older pits, and as 
they aged, they became less likely to serve as habitat for An. arabiensis, and more likely to 
support An. coustani, a mosquito of lesser vectorial capacity for malaria.  
Together, observations from our diverse studies have led us to conclude that newly 
excavated borrow pits, especially those proximal to maize fields and human dwellings, 
provide particularly suitable habitats for the main mosquito vector of malaria in the region. 
Additionally, we assert that our observations lend further support to our hypothesis regarding 
the associations between maize pollen and parameters that contribute to the intensity of 
malaria transmission. Results of our laboratory, field, and remote sensing efforts may prove 
useful in identifying the most productive sites for anopheline mosquitoes elsewhere, and for 
informing decisions regarding agricultural development and intervention strategies.  
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Conclusion  
Land use changes associated with agriculture—and the expansion of maize cultivation in 
particular—profoundly modify the ecological landscape. Benefits realized, such as increased 
income and expanded markets, may be offset by collateral effects to public health. The 
burden of maize production for local and national markets in Ethiopia has predominantly 
fallen on small, low-income farms operated by poor farmers and their families living close to 
their maize fields. These farmers and their families consequently suffer disproportionate risks 
of malaria. Knowledge gained from the studies described in this paper is immediately 
applicable in identifying potentially at-risk communities, and improving the spatial targeting 
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